[1] We investigate the vertical transport of atmospheric chemical reactants from the subcloud layer to the cumulus cloud layer driven by shallow convection over the Amazon during the dry season. The dynamical and chemical assumptions needed for mesoscale and global chemistry transport model parametrizations are systematically analyzed using a Large Eddy Simulation model. We quantify the mass flux transport contribution to the temporal evolution of reactants. Isoprene, a key atmospheric compound over the tropical rain forest, decreases by 8.5% h -1 on average and 15% h -1 at maximum due to mass-flux-induced removal. We apply mass flux parametrizations for the transport of chemical reactants and obtain satisfactory agreement with numerically resolved transport, except for some reactants like O 3 , NO, and NO 2 . The latter is caused by the local partitioning of reactants, influenced by UV radiation extinction by clouds and small-scale variability of ambient atmospheric compounds. By considering the longer-lived NO x (NO + NO 2 ), the transport is well represented by the parametrization. Finally, by considering heterogeneous surface exchange conditions, it is demonstrated that the parametrizations are sensitive to boundary conditions due to changes in the boundary layer dynamics. 
Introduction
[2] The Amazon rain forest plays an important role in regulating the regional and global atmospheric composition [Zimmerman et al., 1988; Karl et al., 2007] , particularly due to high biogenic volatile organic compound (BVOC) emissions. However, to accurately represent and predict the atmospheric chemistry over this ecosystem, the role of dynamics Ganzeveld et al., 2008] and chemical processes [e.g., Lelieveld et al., 2008] need to be better understood. Since atmospheric chemistry depends on the surface exchange of biogenic compounds, the reactivity is controlled by processes that occur in the atmospheric boundary layer (ABL). The ABL dynamics have multiple effects on atmospheric chemistry. Here we investigate the transport by shallow cumulus (SCu) convection and its implications for the subcloud layer chemistry, using a Large Eddy Simulation (LES) model. The focus is primarily on the subcloud atmospheric properties since the conditions there are directly linked to the Earth's surface. Therefore, knowledge of the processes that occur in the subcloud region is important for interpreting data. This study quantifies the fluxes from the subcloud to the cloud layer and their impact on the reactant mixing ratios. We aim to contribute to parametrizations that represent this transport in chemistry transport and climate models. This is of importance considering that SCu cloud processes occur at scales that are not resolved in such models [Kim et al., 2012] . We also analyze the effects of heterogeneous surface forcings.
[3] In the Amazon region, daytime shallow cumulus (fair weather) clouds are present during approximately 50% of the time in the period June-August [Hahn and Warren, 2007] . Shallow cumulus clouds affect the atmospheric dynamics and chemistry in multiple ways. Next to regulating the growth of the convectively mixed subcloud layer, clouds affect radiation [Madronich, 1987] , thereby changing the chemical reaction rates and surface heat fluxes. Previous LES studies have shown that the attenuation of UV radiation has a profound impact on the instantaneous below-cloud chemistry, resulting in changes up to 10% (for NO 2 ) in the spatial averaged subcloud layer mixing ratios of reactants [Vilà-Guerau de Arellano et al., 2005; Kim et al., 2012] . Related to the ABL dynamics, the SCu clouds transport atmospheric constituents from the mixed layer to the free troposphere (FT), enhance entrainment of free tropospheric air into the boundary layer and can trigger deep convection [Zhang and Klein, 2010] . The subcloud layer height, below which chemical reactants are well mixed, is lowered by air masses that are transported by the thermals from the subcloud layer into the cloud layer, the so-called mass flux [Siebesma and Cuijpers, 1995] . This height influences the mixing ratios of chemical species in the subcloud layer, as demonstrated with conceptual mixed-layer models [van Stratum et al., 2012; Ouwersloot et al., 2012] . The feedbacks between mixed-layer height, mass flux, and entrainment rate is explored in more detail by B. J. H. van Stratum et al. (Sub-cloud layer feedbacks driven by the mass flux of shallow cumulus convection over land, submitted to Journal of the Atmospheric Sciences, 2013) . SCu clouds also give rise to large-scale structures in the subcloud layer [Kim et al., 2012] similar to those induced by surface heterogeneity and affecting atmospheric chemistry [Ouwersloot et al., 2011] . An additional effect of clouds on atmospheric chemistry is related to chemical reactions within the cloud droplets. This aqueous phase chemistry [e.g., Sorooshian et al., 2007; Roelofs and Kamphuis, 2009; Shrivastava et al., 2013] is not considered here as it mainly affects the atmospheric composition in the cloud layer and not the temporal evolution of mixing ratios in the subcloud layer.
[4] In this study we investigate the impact of mass flux transport on the mixing ratios of atmospheric reactants. We address Amazonian conditions, inspired by the Tropical Forest and Fire Emission Experiment (TROFFEE) [Karl et al., 2007; Vilà-Guerau de Arellano et al., 2011] . We quantify the influence of the mass flux on the budget of chemical species using two different expressions. One considers the additional effect of the mass flux compared to boundary layer growth, and the other considers the additional effect of the mass flux compared to entrainment. These two approaches are complementary and can be applied for different analyses, as will be discussed in detail. Furthermore, we discuss how the impact of mass flux depends on the spatial distribution of the chemical species as a first step toward a parametrization in large-scale models. This is complemented by an evaluation of the impact of the altered UV radiation below clouds on the transport by SCu convection. The analysis is completed by discussing how heterogeneous surfaces can modify the mass flux.
[5] The next section introduces the theory of mass flux and its impact on the chemistry budget. This is followed by a description of the LES model and the numerical experiments. Then, the dynamical effects of the mass flux are compared to values reported in literature to affirm if they are consistent. Next, the spatial distributions of dynamical variables and reactant mixing ratios and their influence on cloud transport are discussed, and the mass flux contribution to the mixing ratio budgets is quantified. Subsequently, we investigate representative expressions for the mass flux transport contributions to the budgets, showing differences between various types of chemical species. Finally, we demonstrate that surface heterogeneity influences the results.
Methodology

Mass Flux
[6] Here we define the framework that will be used to develop and test a parametrization for the mass flux transport of atmospheric constituents, including specific humidity. In section 2.1.1, the definitions for the mass flux are presented.
Subsequently, the impact of the cloud-base mass flux on the boundary layer growth and scalar evolutions are presented in section 2.1.2. Finally, the analysis of the mass flux transport from the LES data and its parametrization are discussed in section 2.1.3. The parametrizations are based on numerical data sampled from the large eddy simulation.
Mass Flux Definition
[7] In convectively mixed ABLs that are topped by SCu clouds, transport of air occurs from the (well-mixed) subcloud layer to the free atmosphere by thermals that become active cumulus clouds above the lifting condensation level. To identify transport by these thermals, we are limited to analyzing the active clouds that are rooted into them [LeMone and Pennell, 1976] , since the organized transport below the clouds cannot be discriminated from the upward moving air parcels that are caused by entrainment related turbulence. The transport, quantified as the kinematic convective mass flux (hereafter referred to as mass flux), M [Siebesma and Cuijpers, 1995] , depends on the vertical velocity in and the area fraction of the active clouds. These active clouds, which are positively buoyant [Stull, 1988] , are referred to as the cloud cores . The corresponding mass flux is defined as
where a cc is the (horizontal) area fraction, a, of the cloud cores, w is the Reynolds averaged vertical wind velocity, w, and w cc is the average w sampled over the cloud cores. These properties are all height dependent. Note that the cloud core area fraction is not equal to the total cloud core cover, c cc , since that quantity is determined using vertically integrated values. The index c is used for samples over all SCu clouds.
[8] Similar to Siebesma and Cuijpers [1995] , the total vertical transport of an arbitrary scalar, , is partitioned in advective and turbulent fluxes for clouded areas and the environmental air by
where the subscripts cc and env indicate cloud core and environmental averages, respectively. The cloud and environment indexed overlines ( cc and env ) denote that the considered fluctuations are relative to the cloud and environment averages. Within the two pairs of brackets that are linked to the area fraction of a sampling criterion (i.e., cloud core or environment) in equation (2), the first term is related to the corresponding organized transport and the second term quantifies the corresponding turbulent flux. As will be corroborated in this study, within the cloud cores the organized transport dominates the total flux [Siebesma and Cuijpers, 1995] . Further, since = a cc cc + (1 -a cc ) env ,
so the organized transport in the environment is only acc 1-acc times the organized transport in the cloud cores. Note that the average vertical wind velocity in the environment is dependent on the average in the cloud cores by w env -w = -acc 1-acc (w cc -w). In the cases under study, the factor acc 1-acc is small (4.7% at maximum) and the organized transport 13, 042 in the environment is negligible. In the SCu cloud layer, the mass flux is much larger than the turbulent transport in the environment and dominates the total vertical transport. Therefore,
The validity of this approximation was already demonstrated for potential temperature, specific humidity [e.g., Siebesma and Cuijpers, 1995] , and chemical species [Vilà-Guerau de Arellano et al., 2005] and will be confirmed by the results presented in section 3. In the remainder of this paper, we investigate this organized transport in the cloud cores.
[9] Even though the decomposition into cloud core areas and environment is based on dynamical arguments, the choice for two areas is arbitrary. One could think of different divisions, e.g., cloud cores, remaining clouds and environment [Siebesma and Cuijpers, 1995; Heus and Jonker, 2008] , as will be discussed in section 3.6.
Impact of Mass Flux
[10] Mixed layer theory [Lilly, 1968] is used to quantify the impact of the cloud base mass flux on the subcloud layer height. Since this work expands on previous studies, a zeroth-order mixed layer model is used. Although a firstorder approach could be more suitable in specific situations, this model is shown to properly reproduce the evolution of the boundary layer for a wide range of atmospheric conditions [e.g., Neggers et al., 2006; B. J. H. van Stratum et al., submitted manuscript, 2013] . The evolution of the subcloud layer (or mixed layer) height, h, is expressed [Neggers et al., 2006] as
where w e is the entrainment velocity and w(h) is the largescale vertical velocity at height h. Here, M is shorthand for the mass flux that escapes the subcloud layer, M(h). From here on we consider that w(h) = 0 in our numerical setup. According to a budget analysis (B. J. H. van Stratum et al., submitted manuscript, 2013) , the mixing ratio of an arbitrary atmospheric compound, , with chemical production P and loss L is governed by
where˝ ˛i s the mixed layer averaged value and is the concentration jump at the top of the mixed layer. The latter is equal to ( 
where (h + ) is the average value of just above the subcloud layer. w 0 0 0 is the turbulent flux at the surface. Equation (5) shows that, in contrast to previously stated [Neggers et al., 2006] , the mass flux can directly change mixed layer averaged properties if cc differs from ˛.
Next to the enhanced entrainment (B. J. H. van Stratum et al., submitted manuscript, 2013) , this contributes to the reduction of mixing ratios of emitted passive tracers in the subcloud layer that was found by Kim et al. [2012] .
[11] Even if the growth of the mixed layer is negligible, the entrainment and the mass flux may still exchange air between the subcloud and the cloud layer. With constant height, all air mass that leaves the subcloud layer with property cc returns with property (h + ) due to the compensating entrainment. This effect can be recognized more easily by rearranging equation (5). Using equation (4) to split the entrainment velocity in mixed layer growth and compensation for the loss of mixed layer air by the mass flux, yields
This shows that, next to surface exchange and chemical production and loss, two additional contributions to the mixing ratio budget are as follows: (i) the mixing of subcloud and cloud layer air due to the mixed layer growth (second term in the fraction) and (ii) the aforementioned circulation of air at the top of the subcloud layer with a flow rate M (third term in the fraction). While equation (5) can be used to analyze the contributions of different dynamical processes (such as entrainment and venting of air by mass flux), equation (6) is more straightforward when evaluating the mixing ratio budget based on data from observations or numerical experiments with turbulence resolving models (e.g., LES). To distinguish between these two budgets, equation (5) is referred to as the "venting budget," and equation (6) is referred to as the "pumping budget" in section 3. Using LES data, the mixed layer height evolution and the mass flux can be quantified directly. Additionally, according to equation (3), the mass flux contribution in equation (6) can be compared directly to the total vertical scalar transport in the cloud layer. Therefore, we will mainly focus on the pumping budget equation in our analysis.
Mass Flux Parametrization
[12] The cloud-base height, z b , at which the mass flux is quantified, is under the investigated conditions actually higher than the subcloud layer height. The difference between these two heights determines the depth of the transition layer, which is a key length scale in the parametrization of the standard deviations of scalars at the mixed layer top [Neggers et al., 2006 [Neggers et al., , 2007 B. J. H. van Stratum et al., submitted manuscript, 2013] . Even though the mass flux out of the mixed layer, M(h), is under investigation, M(z b ) is a good proxy since all the air that escapes the subcloud layer is transported by the SCu convection. To determine the mass flux in the dry thermals at h instead, one would have to separate the contributions of organized transport and turbulent motions to the total vertical transport of air at this height. Then cc could be determined by sampling in the upward organized transport. However, this was computationally not attainable in this study. Here the cloud base height is diagnosed as the height with maximum a cc [Neggers et al., 2007] and the subcloud layer height as the inversion height, z i , determined by the vertical profile of the virtual potential temperature, Â v . The inversion height is calculated using the threshold gradient method [Ouwersloot et al., 2011] Á . An illustration of the structure of the SCu cloud topped mixed layer is presented in Figure 1 . The symbol e indicates entrainment and is the vertical gradient of in the cloud layer (free troposphere) for cloudy (clear sky) conditions.
[ [Stull, 1988] , w , as 
in which = 0.51 and q,h is the standard deviation of q at the top of the subcloud layer. These parametrizations for w cc and q cc are evaluated in section 3. Here we additionally study the parametrizations for cc considering scalars other than q.
Since equations (5) 
LES Model
[14] The LES model that is employed is based on version 3.2 of the Dutch Atmospheric Large Eddy Simulation (DALES) model [Heus et al., 2010] , extended with a chemistry module [Vilà-Guerau de Arellano et al., 2005] and expanded to enable studies of ABLs that are characterized by heterogeneous boundary conditions at the surface [Ouwersloot et al., 2011] . This LES code has been introduced by Nieuwstadt and Brost [1986] . Further developments and improvements were made [e.g., Cuijpers and Duynkerke, 1993; Dosio et al., 2003] prior to resulting in DALES 3.2.
[15] DALES solves dynamical and chemical processes in the ABL explicitly on a computational grid resolution (typically 100 m or less) that is much finer than that of mesoscale and global models, but still requires parametrization of the smaller scale turbulence. For this parametrization, the filtered Navier-Stokes equations are applied, using the one-and-a-half-order closure assumption [Deardorff, 1973] , in combination with the Boussinesq approximation [Heus et al., 2010] . The corresponding filter size is generally set equal to the grid resolution, which is chosen such that less than 10% of the total turbulent energy is parametrized. In the horizontal directions, the domain is constrained by periodic boundary conditions. Related to the interaction of clouds with UV radiation, the photolysis rates are multiplied with separate factors below and above the clouds in each vertical column of the computational grid (only taking into account the one-dimensional effects). This multiplication is described by Vilà-Guerau de Arellano et al. [2005] . The second-order effect of adjusted surface heat and moisture fluxes due to the altered radiation is not applied.
Numerical Experiments
[16] The 256 256 300 grid applied in the LES experiments spans 12, 800 m 12, 800 m 6000 m with a resolution of 50 m 50 m 20 m. Although this resolution suffices to resolve most of the turbulent kinetic energy, for future studies it is recommended to repeat the presented analysis with a finer resolution if allowed by the computational resources. The numerical experiments start at 5 local time (LT) and are run for 11.5 h, using a time step of 1 s. Larger time steps lead to instabilities in the chemical solver. These temporal and spatial resolutions suffice to resolve the most relevant processes for both the atmospheric dynamics and chemistry. Statistics are calculated and stored every minute.
[17] The numerical experiments are aimed at investigating the role of shallow cumulus convection for Amazonian subcloud layer reactants. The evaluated case is based on the TROFFEE campaign [Karl et al., 2007; Vilà-Guerau de Arellano et al., 2011] . However, the upper atmospheric conditions were less wellknown. Therefore, we prescribe initial vertical profiles based on the previous study but slightly changed. While doing so, we paid attention to reproduce a situation in which SCu convection occurred that did not evolve into deep convection and to keep the profiles realistic and representative for Central Amazonia. We consider local free convection (i.e., no mean horizontal wind velocity).
[18] The initial boundary layer height was set to 200 m. Below this height, the initial potential temperature, Â, is 300 K and the initial specific humidity, q, is 16 10 -3 kg kg -1 . The respective jumps in these values from the mixed layer to the free troposphere are 1 K and -3 10 -3 kg kg -1 . Above this height, there are two regimes in which Â changes with a different vertical gradient each, as is commonly observed [e.g., Brown et al., 2002] . It increases by 3 10 -3 K m -1 up to 4 km altitude and 6 10 -3 K m -1 above 4 km. The specific humidity drops by -3 10 -6 kg kg -1 m -1 until it is equal to 0 (at 4.5 km altitude). The surface kinematic heat flux is prescribed by between 0600 and 1630 LT and 0 at any other time.
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[19] When investigating the impact of surface heterogeneities on the transport by shallow cumulus convection, the surface is subdivided into four patches in one horizontal direction [Ouwersloot et al., 2011] , resulting in a length scale of heterogeneity (the width of a forest and savannah patch combined) of 6.4 km. The first and the third patches are characteristic for forest and the other two for savannah. In the forest areas, the sensible heat flux is lower and the latent heat flux is higher. In this study, the sum of sensible and latent heat fluxes is kept constant per patch. Additionally, the average sensible and latent heat fluxes over the entire domain are kept equal to the conditions with a homogeneous surface. Similar to Ouwersloot et al. [2011] , the change in sensible and latent heat flux is set to a third of the sensible heat flux over the homogeneous surface. This results in an amplitude of 0.125 (0.255) K m s -1 in the kinematic heat flux for the forest (savannah) patches and an amplitude of 0.156 (0.104) 10 -3 kg kg -1 m s -1 in the kinematic moisture flux. The resulting sensible and latent heat fluxes correspond to a maximum Bowen ratio of 0.32 (0.99) for the forest (savannah) area, being representative for the dry season [da Rocha et al., 2009] . For homogeneous surface conditions, the maximum Bowen ratio during the day is 0.59. Over a heterogeneous surface with this length scale and distribution of sensible and latent heat fluxes, coherent mesoscale circulations are induced that affect the distribution of scalars within the mixed layer as well as the evolution of the ABL height and mixed-layer averaged properties [e.g., Ouwersloot et al., 2011] facilitating cloud formation [van Heerwaarden et al., 2010] . The presence of these circulations and their impact on the boundary layer dynamics in cases with light ambient winds have been confirmed by observations [Doran et al., 1995] .
[20] The chemical mechanism is based on the one proposed by Vilà-Guerau de Arellano et al. [2009] , which contains the basic reactions for the O 3 -NO x -VOC-HO x mechanism that represents daytime chemistry over the Amazon rain forest. After some expansions Ouwersloot et al., 2011; van Stratum et al, 2012] , the current mechanism was presented by Ouwersloot et al. [2012] . In this chemical scheme, 20 reactant species are included. Note that methyl vinyl ketone (MVK) is here a lumped species with all first-generation oxidation products of isoprene (C 5 H 8 ). The chemical reactions and the expressions for the reaction rates are presented in Table 1 . The mixing ratios of the reactants are first converted to concentrations (in molec cm -3 ) before applying the chemical production and loss and back again afterward. Apart from the 20 reactant species listed in this table, three passive tracers are considered: an emitted tracer (INERT), an inert species that is initially only present in the mixed layer (BLS), and an inert species that is initially only present in the free troposphere (FTS). For the latter two species there is no surface exchange. INERT and BLS/FTS are inspired on the classical "bottom-up" and "top-down" tracers [Wyngaard and Brost, 1984] , respectively.
[21] For 11 tracers, the vertical profile is initialized to 0 ppb. The exceptions to this profile are as follows. ppb at all heights. NO 2 is 1 ppb in the mixed layer and 0.5 ppb aloft. Tracer BLS (FTS) is initialized only in (above) the mixed layer with 1 ppb. Since the sum of the initial BLS and FTS mixing ratios is 1 ppb everywhere, and they do not experience surface exchange or chemical transformations, the tracers are complementary.
[22] The surface exchange of the atmospheric tracers is prescribed. INERT and NO are emitted with 1 ppb m s -1 and 0.5 10 -3 ppb m s -1 , respectively. The emission for isoprene, E Iso , is based on observations [Karl et al., 2007] and prescribed as
where again t is the time in seconds since 5 LT. When heterogeneous surface conditions are considered, the isoprene emission is higher (lower) in the forest (savannah) patches and the value 0.65 is replaced by 1.0 (0.3). The UV radiation is calculated as a function of time by determining the solar zenith angle at the geographical location under study (2.612 ı S, 60.91 ı W).
Results
Dynamics
[23] The temporal evolution of liquid water potential temperature, Â l , and specific humidity, q, is presented in Figure 2 for the duration of the numerical experiment. Both variables are horizontally averaged. Additionally, the evolutions of the diagnosed mixed layer height and cloud base height are depicted. Here z b is only determined if c cc > 0.1%. Note that the latent heat flux is 0 before 0600 LT, and the sensible heat flux is 0 before 0715 LT. After the breaking of the morning capping inversion, the mixed layer begins to deepen near 0800 LT. The first active clouds appear around 1030 LT and start to increase in number and depth near 1130 LT (see Figure 3a ). All active clouds have dissipated by 1530 LT, 15 min after the sensible heat flux has dropped to zero. The vertical relative humidity profile as determined by using the horizontally averaged temperature, specific humidity, and pressure, does not exceed 85%. The maximum relative humidity is located directly below the mixed layer top.
[24] These figures show that, even though in the mixed layer approach it is often assumed that the cloud layer characteristics are not affected by the SCu convection [Neggers et al., 2006; B. J. H. van Stratum et al., submitted manuscript, 2013] , the horizontally averaged vertical profiles of q and Â l in the cloud layer can be affected by the air that is vented from the subcloud layer. Future parametrizations in conceptual mixed layer models or in large-scale atmospheric models could possibly be improved by incorporating this second-order effect, as recently implemented by Gentine et al. [2013] .
[25] The evolution of the cloud presence is depicted in Figure 3a . In this figure, the cover and the maximum value of the area fraction for clouds and cloud cores are shown at 1 min intervals. Here we show that one should not take the total cloud cover as a proxy for the area of SCu convective transport. The active transport depends on the area fraction of the cloud cores at cloud base height. Since this is determined as the height at which the cloud core area fraction reaches its maximum, the used variable is the maximum cloud core area fraction. As introduced above, a denotes the height-dependent area fraction and c denotes the cover, considering cloud presence anywhere in the column at a horizontal position. The indices c and cc indicate sampling over all clouds and sampling over the cloud cores, respectively. Since c considers the presence of clouds in the entire column, a(z) Ä c for any z, resulting in the lower max a(z) compared to c. In our numerical experiment, the value of c cc is on average only 33% of the value of c c and the maximum ccc cc ratio is 60%. Additionally, max a cc (z) is on average 36% compared to c cc . Therefore, in total, max a cc (z) divided by c c reaches a maximum of only 30% and is, when active clouds are present, on average only 12%.
[26] The resulting mass flux by active SCu transport is shown in Figure 3b . To smooth extremes, the mass flux is averaged over 10 min. The figure shows that the mass flux at z b is usually equal to the maximum mass flux and very close otherwise, agreeing with the vertical mass flux profiles presented in previous studies [Siebesma and Cuijpers, 1995; Vilà-Guerau de Arellano et al., 2005] . In this numerical experiment, the mass flux is strongest between 12 and 14 LT. In that period, M is on average 5.0 cm s -1 , while the average is only 2.1 cm s -1 when averaging over all moments during which there is a mass flux. The mass flux peaks at a value of 7.8 cm s -1 . These magnitudes of the mass flux correspond well to the profiles presented in the aforementioned studies. During this period, the average liquid water path is 16 g m -2 and the time averaged maximum relative humidity is 81%.
[27] In this study, we further investigate the impact of mass flux transport on atmospheric reactant mixing ratios in the subcloud layer. Before quantifying this transport, we test our model and analysis by evaluating our resulting parametrizations for w cc and q cc and comparing them with the current state-of-the-art parametrizations for SCu mass flux over land (B. J. H. van Stratum et al., submitted manuscript, 2013) . To obtain representative values that are sampled over a sufficiently large number of data points, this analysis is only performed at times that c cc > 5%. Here equations (7) and (8) are used. However, two new adaptations are made as we found they improved the representativeness of the parametrizations. First, next to evaluating equation (8) with q,h , we evaluated this equation using q as determined over the entire subcloud layer. Second, to generalize the parametrization to include conditions where the subcloud layer value of q (or, later on, a reactant) is lower than the value at z b , we multiplied by the sign of -q. In our study this is not needed for q, since q is always negative as the mixed layer q is 13,046 higher than the free tropospheric value and the surface moisture flux is never negative. However, this addition makes the parametrization more general and it will be needed to represent atmospheric reactant transport using the same framework. The resulting dependencies of w cc and q cc (compared to < q >) are displayed in Figure 4 . The linear fit for both graphs is forced through the origin, corresponding to the expressions in equations (7) and (8). To evaluate the quality of the fit, we make use of the index of agreement, d [Willmott, 1981] . This statistical diagnostic expresses the degree to which an observed variable (e.g., w cc ) can be accurately estimated by a predicted variable (e.g., w ), rather than the correlation between the variables. The use of the common R 2 can yield biased values, because the linear fit used is forced through the origin, so that even the averages of the observed and predicted values do not have to be equal. In total, this can even lead to negative R 2 for some of the tested parametrizations. In accord with B. J. H. van Stratum et al. (submitted manuscript, 2013) for three different cases over land, we find w cc = 0.84w (9) with d = 0.94. For the representation of q, we find only a minor difference. Instead of a factor 0.51, our results show
Figure 3. The evolution of (a) the cover and area fraction of SCu clouds and cloud cores, and (b) the mass fluxes by SCu convection. For the latter, the values at height z b and the maximum mass flux are presented.
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[28] In short, our results show that we can reproduce the parametrizations for the mass flux of moisture, even though the numerical experiment is not similar to the ones presented before. These previous studies, which include the Atmospheric Radiation Measurement -Southern Great Plains [Brown et al., 2002] , Small Cumulus and Microphysics Study [Neggers et al., 2003] , and Gulf of Mexico Atmospheric Composition and Climate Study [Angevine et al., 2010] experiments, were situated at temperate latitudes with maximum mixed layer heights below 1500 m, while the case under study is situated near the equator and has a maximum mixed layer height of 2000 m. The fact that analyses of different cases yield similar parametrizations confirms the validity and robustness of the proposed expressions. However, our results also suggest that a more representative parametrization might exist for q cc by using the standard deviation that is calculated over the entire subcloud layer. Future studies could investigate whether this improvement is general or case dependent.
Spatial Distribution of Atmospheric Compounds in the Subcloud Layer
[29] As shown by the budget equations (5) and (6), the contribution of the mass flux to the evolution of an arbitrary scalar, , is determined by the deviation of the cloud core averaged value compared to a reference value, i.e., respectively cc -< > and cc -(z b ) (as z b is used as a proxy for h + ). To parametrize these contributions, first, the source of these differences should be understood. Even if the subcloud layer was perfectly well mixed, the contribution of cc -(z b ) would be expected to be nonzero. After all, in that case, the value of cc is equal to the value of in the thermals that originate from the subcloud layer and therefore equal to < >. In turn, (z b ) is the value for at cloud base height, being unequal to < >. However, if the subcloud layer were perfectly well mixed, the contribution in the other budget, governed by cc -< >, would be 0. Why this is not the case can be deduced from Figure 5 . In this figure, the hourly and y direction averaged mixing ratios are shown for three different simulated chemical species and two different time periods. The two chosen periods are between 1200 LT and 1300 LT, and between 1300 LT and 1400 LT, since the mass flux is relatively largest (see Figure 3b) . In Figures 5a and 5b, the projections are shown for the atmospheric compound BLS. This inert tracer has no active surface exchange and was initialized at 0 ppb above the mixed layer. Even though the compound was initially well mixed throughout the subcloud layer, in this figure, clear spatial patterns can be discerned. This spatial distribution is driven by the turbulence characteristics of the subcloud layer. The air flow is shown superimposed on the BLS mixing ratio contour plots. As mentioned in section 1, the SCu clouds stimulate large-scale structures in the subcloud layer [Kim et al., 2012] , which are very similar in shape compared to the circulations induced by land surface heterogeneity Ouwersloot et al., 2011] . Higher mixing ratios are found near the x positions -0.25, 0.5, and 1. At these locations, upward moving thermals are present that drive the SCu convection. While the thermals become narrower in the period 1300-1400 LT compared to 1200-1300 LT, their positions do not change significantly. As the clouds on top of the thermals vent the air from the subcloud layer, air in that layer will tend to converge to those locations, strengthening the thermals and fixing their positions, a process which was hinted at in observational studies [LeMone and Pennell, 1976] . In the cloudless regions, the air descends (with a velocity of maximum 0.5 m s -1 ), transporting the air that is entrained at the top of the subcloud layer toward the surface. This air is characterized by lower (cloud layer) mixing ratios of BLS. The subcloud layer averaged mixing ratio, ˛, is a value between the mixing ratios in the upward moving thermals, cc , and in the downward moving motions. As a consequence, in equation (5), cc >˝ ˛f or the BLS mixing ratio.
[30] Figures 5c and 5d show that the same structure is present for the mixing ratio of INERT. This inert chemical species is initialized with a mixing ratio of 0 ppb everywhere and is continuously emitted from the surface. Since the emitted species are transported to the upper part of the subcloud 13,048 (Figures 5a, 5c , and 5e) and between 1300 LT and 1400 LT (Figures 5b, 5d, and 5f ). In the right panels, the mixing ratios are additionally averaged in the x direction. The red ranges in the right panels show the spread in the x direction of the temporal and y averaged values. The x coordinate is scaled over a distance of 6.4 km. The wind direction and magnitude are indicated by vectors (Figures 5a and 5b) .
layer by thermals, the difference between the mixing ratio in the thermals compared to the mixed layer averaged mixing ratio is increased. However, even though the spatial segregation is enhanced, in general the same effects occur as for the BLS mixing ratio. As evidenced by Figures 5e and 5f , the same structures also appear for the chemically active species isoprene, which is also emitted from the surface.
[31] In short, the combination of entrained cloud layer air and the induced large-scale structures cause the difference between cc , which is characterized by in the thermals and < >. The corresponding spatial distribution of results in organized variance that is stronger than the turbulence related variance and therefore dominates the total variance of in the boundary layer. As a result, the magnitude of , calculated either over the entire subcloud layer or just below the inversion, seems a good proxy to estimate cc -< >, confirming the assumption of B. J. H. van Stratum et al. (submitted manuscript, 2013) . In turn, this variance is caused by the entrainment of cloud layer air into the subcloud layer, as first suggested by Neggers et al. [2007] . Here we should note that the difference between the cloud core average and the average at cloud base height ( cc -(z b )) is mainly governed by the difference between the average at cloud base height and the subcloud layer averaged value ( (z b ) -< >), since the former expression is equal to the difference between the cloud core average and the subcloud layer averaged value ( cc -< >) minus the latter expression. Compared to the other terms, the difference between the cloud core average and the subcloud layer average is relatively small. For parametrizing the pumping budget expressed by equation (6), cc -(z b ) therefore scales best with (z b ) -< >, rather than with the standard deviation of the scalar ( ).
Importance of SCu Convection
[32] Here we focus on the direct contribution of the mass flux to the evolution of , i.e.,
for equations (5) and (6), respectively. Note that related to the mass flux, the subcloud layer height development, dh dt , is affected as well (see equation (4)). Budget equation (5), referred to as venting budget, divides the exchange at the top of the subcloud layer into air that is entrained with flow rate w e and air that escapes the subcloud layer with flow rate M, therefore representing the air flows across the interface between cloud and subcloud layer. Budget equation (6), referred to as pumping budget, divides this exchange into incorporating air from the cloud layer into the subcloud layer by growth of the subcloud layer, and an additional circulation of air with flow rate M. This circulation transports air characterized by cc out of the subcloud layer and replaces it with air characterized by (h + ), acting like a pump. An advantage of this expression is that, in contrast to the entrainment velocity, the tendency of the mixed layer height ( dh dt ) can be determined directly from observational or numerical data. While we will evaluate the parametrizations of the mass flux transport for both budgets (section 3.4), only the more applicable pumping budget is considered when analyzing the vertical transport profiles from LES data (section 3.5).
[33] To determine the importance of the mass flux transport, we calculate its contributions to the temporal evolutions of q and the mixing ratios. They are divided by q or the mixing ratios themselves to result in a contribution that is expressed as a percentage change per hour. In general, the contribution of the pumping budget mass flux term is higher than the contribution of the venting budget mass flux term. For example, the pumping contribution for q is -2.5% h -1 , while the venting contribution is -0.4% h -1 . The reason is that at the interface between the cloud and subcloud layer, the most important contribution to the budget equations is the air that is entrained in surplus of dh dt , i.e., with flow rate M (see equation (4)). This contribution (-M ) is incorporated in the entrainment term in the venting budget, and in the mass flux term in the pumping budget. Even for the pumping budget, the contributions to the reactant mixing ratio tendencies are of the order of 1% h -1 and therefore not significant. In our analysis, based on TROFFEE data, there are a few exceptions that change mixing ratios on average more than 5% per hour due to the mass flux circulation (pumping budget). Focusing on those reactants whose chemical lifetime is not shorter than the turbulent time scale ( 15 min), this is the case for the INERT species (-6.4% h -1 ), isoprene (-8.5% h -1 ), and the inert tracer BLS (-5.9% h -1 ). These contributions can be considered minor but nevertheless significant. The corresponding maximum instantaneous contributions during the presence of active SCu clouds are for the respective species -11.4 (INERT), -15.1 (isoprene), and -10.6% h -1 (BLS). [34] Note that the BLS and FTS tracers were initialized such that, at every location, the sum of their mixing ratios was 1 ppb. Additionally, they are not influenced by any surface exchange or chemical transformations. Therefore, the mass flux contributions for these two tracers are equal in magnitude and only differ in sign. However, at the time the active clouds appear, the mixed layer height is much larger than its initial value. Therefore, the mixing ratios of BLS and FTS approach their initial free tropospheric mixing ratios (i.e., 0 and 1 ppb, respectively). During the most active SCu convection (1200-1400 LT) their mixed layer averaged mixing ratios are, respectively, 0.1 and 0.9 ppb. As a result, the same mass flux contribution to the budget yields a much lower relative change per hour for FTS than for BLS.
Parametrizing Reactant Transport
[35] Similar to q in section 3.1, the mixing ratios of the atmospheric compounds in the cloud core are parametrized compared to a reference value, being either < > or (z b ). We analyze the resulting expressions for two cases: the standard case (SC) that is described in section 2.3 and a numerical setup in which the scattering of UV radiation by clouds has been turned off, effectively resulting in transparent clouds (TC). As will be discussed later in this section, several chemical species (especially O 3 , NO, and NO 2 ) are particularly sensitive to this modification of the UV radiation below the clouds. We tested different parametrizations for both cc -< > and cc -(z b ), using linear functions. For cc -< >, the most realistic results were obtained by expressions as a function of sign (-). This agrees with the discussion in section 3.2. cc -(z b ) is best parametrized as a function of ( 
Here is the standard deviation of scalar that is calculated over the entire subcloud layer. This differs from previous studies (B. J. H. van Stratum et al., submitted manuscript, 2013) , where ,h is used. In this study, using ,h resulted in slightly lower values for the indices of agreement, d, and slopes of the linear fits that are approximately 1 2 times the slopes found for expressions based on the total .
[36] The relations between and cc -< >, and between (z b )-˝ ˛a nd cc -(z b ) are visualized for different atmospheric compounds in Figures 6 and 7 . The presented results are a first step in developing a general expression for the mass flux transport of atmospheric reactants. Figure 6 shows the parametrization based on isoprene, CO, and the inert tracers INERT and BLS for the standard case. For visualization purposes, the BLS mixing ratios are multiplied by 1000. For these atmospheric compounds, the perturbation of UV radiation by clouds has no significant impact on the parametrization, producing nearly identical results for the TC numerical experiment (not shown). Additionally, the constants for the expressions that are derived from these four compounds are very similar to those derived for q. For the venting budget, the slope is found to be 0.92, while it was 1.01 for q. For the pumping budget, the match is even closer with a slope of -1.23 for the atmospheric compounds, while it was -1.20 for q (not shown). Even though not all data points lay perfectly on the regression line, Figure 6 corroborates that cc -< > and cc -(z b ) can be adequately represented for these atmospheric compounds.
[37] However, not all reactants comply that well with the expressions that were derived. The parametrizations for O 3 , NO 2 , OH, and H 2 O 2 are shown in Figure 7 . These four reactants all respond quickly to changes in UV radiation through reactions R1, R5, and R6 in Table 1 . Note that the chemical lifetimes of NO 2 ( 3 min) and OH ( 0.15 s) are short compared to the turbulent time scale. OH is multiplied by 1000 in the figure for visualization. In the subcloud layer, the coherent thermals that are the roots of the SCu clouds are located exactly at these shaded positions as there is no mean horizontal wind velocity and we consider onedimensional radiation effects. Therefore the mixing ratios of 13,050 Figure 6 . Parametrization for (a) cc -< > (related to equation (5)) as a function of times the sign of -and (b) cc -(z b ) (related to equation (6) the UV dependent reactants in those thermals, and subsequently in the cloud cores, are shifted from their equilibria [Vilà-Guerau de Arellano et al., 2005] . Subsequently, the transported air by SCu convection is more representative for lower UV conditions than for the average subcloud layer conditions. For the venting budget, the atmospheric compounds cannot be parametrized using the proposed linear relationship (e.g., for H 2 O 2 the slope in Figure 7a should rather be 0.02). However, the compounds do satisfy a linear relationship for the pumping budget, albeit with a different slope than derived before. This slope, mainly governed by O 3 due to the magnitude of its differences in mixing ratio between cloud and subcloud layer, is much closer to -1 and actually implies that cc is closer to˝ ˛. When these reactants are eventually transported out of the coherent thermals or clouds toward an area above which no cloud is present, the equilibria are quickly restored. Therefore, this misrepresentation does not significantly influence our results. However, the results also show that the actual mass flux transport of individual chemical species to the cloud layer depends on a more complex combination of dynamics, the UV radiation modification by clouds, and the chemical pathways.
[38] Using the TC numerical experiment, we demonstrate that the standard expressions can indeed be applied if the modification of the UV radiation by clouds is not active. In this case, the temporary departure of the UV dependent reactants, compared to their equilibrium mixing ratios under subcloud layer averaged conditions, does not occur. In Figures 7c and 7d the resulting parametrizations are shown. The slopes for the venting budget and pumping budget are, with respectively 0.89 and -1.19, very close to the slopes found in Figure 6 for the non-UV-dependent atmospheric compounds. This confirms that the original deviations found for chemical reactive species in the SC numerical experiment are indeed caused by temporary modifications induced by UV radiation, and that, consequently, the parametrizations for transport by SCu convection are valid.
[39] Apart from clustering atmospheric compounds, parametrizations are determined per individual species, except for the background atmospheric compounds N 2 , O 2 , and H 2 O. The resulting slopes and corresponding indices of agreement are listed in Table 2 . Even though Figures 6 and 7 show that multiple atmospheric compounds approximately follow one derived parametrization, this table indicates that the derived slopes differ depending on which compound is used. For individual species (e.g., NO), the scaling can be completely different from the general derived expression. The scaling even differs between the inert atmospheric compounds INERT and BLS/FTS. These species only differ in initial profiles and surface exchange. However, when grouping all atmospheric compounds, generic expressions are derived that read cc -˝ ˛ sign (-) , = 0.91 (12) and
Some significant deviations from this line can be found for the venting budget for the standard case (not shown), but these disappear for the TC numerical experiment, implying that these excursions are caused by local deviations from chemical equilibria related to UV radiation. To represent cc , these scalings would give satisfactory results for the individual reactant mixing ratios under the investigated dynamical conditions. However, the slopes in the expressions, both for the dynamical variables (w cc and q cc ) and for the mixing ratios, can change if specific conditions are altered. This will be demonstrated for heterogeneous surface forcings in section 3.6. Therefore, it is recommended in future research to test the parametrizations for different regions and under different dynamical and chemical conditions.
[40] Finally, since the slopes of the regression line are determined using the least squares method, the derived slopes for the parametrizations are mainly governed by the atmospheric compounds with the largest difference between 13,051 (6)) as a function of (z b )-< >. Two different numerical experiments are evaluated: the standard case (Figures 7a and 7b ) and one in which the UV scattering by clouds has been disabled (Figures 7c and 7d) . The values for represent the mixing ratios of O 3 , NO 2 , OH, and H 2 O 2 . The black dashed lines indicate the linear regression fits through all (unscaled) data, forced through (0,0). The asterisks are data sampled at 1 min intervals. The slopes and indexes of agreement, d, are indicated. cc and the reference value, which is INERT in this study. Additionally, due to the different orders of magnitude in the mixing ratios of the atmospheric compounds, statistical variables, like R 2 and the index of agreement, which describe the regression lines for these combined compounds are artificially forced to 1. In short, this is because these statistical variables describe how much of the variance in the data set can be explained by the regression and they therefore increase if the variance in the data set increases.
Capturing Vertical Transport
[41] The previously determined expressions to parametrize cc were derived to represent the vertical transport of specific humidity and atmospheric reactants. In section 2.1.1, it was stated (after Siebesma and Cuijpers [1995] ) that in the cloud layer, the vertical transport is dominated by transport in the cloud cores. Furthermore, in these cloud cores, turbulent transport is considered to be negligible compared to the organized transport, which is governed by the mass flux. Here we study the ability of the parametrization for cc to reproduce the vertical transport. To directly compare the mass flux transport to the total vertical transport, as expressed by equation (3) and discussed in section 2.1.2, the transport as used in the pumping budget is evaluated. To predict the organized SCu transport of any scalar, the parametrization of equation (13) and the diagnosed M are multiplied, M cc -(z b ) .
[42] The representativeness of the organized transport in the SCu cloud cores for the total vertical transport in the cloud layer has already been demonstrated for Â l and q by Siebesma and Cuijpers [1995] . This has been confirmed in our numerical experiments (not shown). The focus is to represent the vertical transport of atmospheric reactants. In contrast to the dynamical variables, the reactant mixing ratios do not affect M. Additionally, the transported mixing ratios are influenced by extra factors (e.g., chemistry and UV radiation). Therefore, differences can be expected. For the evaluation of the vertical transport in DALES, the vertical fluxes are averaged between 1200 and 1300 LT. Organized transport by SCu convection is most active in the numerical 13,052 a The parametrization for cc -< >, linked to equation (5), is a slope times sign (-). The parametrization for cc -(z b ), linked to equation (6), is a slope times (z b ) -˝ ˛. These parametrizations are derived using the standard case (SC) and the Transparent Clouds (TC) case. Listed are the slopes with their corresponding indices of agreement in parentheses.
experiment during this hour. In Figure 8 , the vertical transport of INERT, BLS, C 5 H 8 , and O 3 is presented. The parametrized mass flux is plotted at the height of the hourly averaged z b . Figure 8 confirms that the transport in the cloud cores makes up for the majority of the total vertical transport in the cloud layer, the two quantities being very similar in magnitude. Additionally, this figure shows that the organized (mass flux) transport is virtually equal to the total transport in the clouds, justifying the assumption that the turbulent transport in the clouds is negligible compared to the organized transport. Furthermore, the predicted vertical transport, using equation (3) and the parametrization of equation (13), agrees very well with the actual transport by SCu convection. This is especially the case for INERT (Figure 8a ), BLS (Figure 8b ), and isoprene (Figure 8c) , while also the ozone flux (Figure 8d ) is captured satisfactorily. For the simulation in which the UV radiation is not modified by clouds, TC, the match for ozone is similar to INERT, BLS, and isoprene (not shown).
[43] As mentioned in section 3.4, the aforementioned assumptions about vertical transport do not comply with all reactants. Here we analyze two interconnected atmospheric compounds in particular: NO and NO 2 . Similar to Figure 8 , the vertical transport for NO and NO 2 is presented in Figure 9 for both the SC and TC numerical experiments. For the standard case (Figures 9a and 9b) , the vertical transport is again dominated by the transport in the cloud cores. However, the mass flux transport is not equal to the total transport in the cloud cores. As these differences do not occur for most atmospheric compounds in the model and since the differences for the short-lived NO and NO 2 seem to cancel each other, this feature is most likely caused by the NO/NO 2 partitioning, which is influenced by the UV radiation modification below the SCu clouds. Due to the resulting lower photolysis rate in reaction R5 (see Table 1 ), the NO/NO 2 ratio is shifted to smaller values below the clouds [Vilà-Guerau de Arellano et al., 2005] . The time scale associated with the photostationary state equilibrium is in the order of minutes. Within the turbulent motions in the cloud cores, the higher vertical velocities are associated more with air that comes from below the cloud, while the lower vertical velocities are associated more with air from above. Due to the smaller NO and larger NO 2 mixing ratios below the clouds, the turbulent motions in the cloud cores will have a negative contribution to the vertical flux of NO and a positive contribution to the vertical flux of NO 2 . This agrees with the results presented in Figures 9a and 9b . The depicted vertical fluxes reflect as well that the parametrizations are not representative for NO and NO 2 at the same level compared to the atmospheric compounds presented in Figure 8 . For NO 2 the parametrized mass flux transport is of the right order, albeit an underprediction. However, the predicted transport of NO is negligible compared to the actual transport calculated by DALES.
[44] As discussed above, the poor representation of the vertical transport of these short-lived chemical compounds is likely the result of the NO/NO 2 partitioning that depends on the local concentrations of other atmospheric compounds and UV radiation. To check whether this hypothesis is the full explanation, the flux of NO x (NO + NO 2 ) is evaluated, since this generic species has a longer lifetime ( 15 h) and is less affected by UV radiation and concentrations of other atmospheric compounds. However, first the sole impact of the UV radiation modification by clouds on the vertical transport of NO and NO 2 is further investigated by analyzing the TC numerical experiment. Figures 9c and 9d show that the absence of UV radiation modification below the clouds results in altered vertical transport of NO and NO 2 compared to the SC numerical experiment at all heights. Even though the subcloud layer averaged quantities of NO and NO 2 are not influenced significantly by this local difference in UV radiation below the clouds, their horizontally averaged vertical fluxes are. The transport in the cloud cores is again of the same order as the total vertical transport, but in contrast 13,053 to Figures 9a and 9b , the turbulent flux of NO and NO 2 in the cloud cores is in this numerical experiment negligible compared to the organized mass flux transport. Thus, the UV radiation modification explains part of the different behavior of the NO and NO 2 transport compared to the transport of chemical species that are not very sensitive to the local and instantaneous UV radiation (e.g., INERT, BLS/FT, and isoprene). However, the parametrized transport still differs significantly from the vertical flux in the cloud cores that is calculated by DALES. The NO 2 mass flux transport is overpredicted and again the predicted NO mass flux transport is negligible compared to the actual transport. To check whether these remaining differences are caused by temporary shifts in the NO/NO 2 partitioning related to the spatial distribution of other reactants, the vertical flux of NO x is analyzed. Note that a similar analysis for O x (O 3 + NO 2 ) yields comparable results as for O 3 , due to the relatively low concentration of NO 2 .
[45] Figure 10 shows the vertical transport of NO x for the SC numerical experiment. The actual and parametrized vertical transport (not shown) are almost identical for the TC numerical experiment. These results confirm that NO x behaves like the inert atmospheric compounds depicted in Figure 8 . The total vertical transport in the cloud layer is dominated by the vertical transport in the cloud cores. In turn, this latter transport is virtually equal to the organized mass flux transport. Finally, while the parametrization of the mass flux transport, using equations (3) and (13), did not result in accurate predictions for the individual NO and NO 2 fluxes, the prediction for the NO x flux matches the actual vertical transport very well. As an illustration, using solely NO x to derive the constant in equation (13) would result in -1.20 (d = 0.98) for the SC numerical experiment. This value is very similar to those derived for the inert tracers INERT and BLS/FTS (see Table 2 ).
Heterogeneous Surface Forcings
[46] The results presented in the previous sections strengthen confidence in the general applicability of the derived predictive expressions to represent the reactant transport from subcloud layer to cloud layer. Similar to the parametrizations for q, in general, the cloud core mixing 13,054 ratios are shown to be accurately predicted by equations (12) and (13) in our numerical experiments. Next, we investigate whether the predictive expressions still hold if initial or boundary conditions are altered. We select a situation that can have a profound impact on the cloud characteristics and therefore on SCu convection: heterogeneous surface forcings, which induce secondary circulations Ouwersloot et al., 2011] . This numerical experiment, which is described in section 2.3, is referred to as the heterogeneous surface (HS) experiment.
[47] Due to the induced mesoscale circulations, the upward (downward) motions are located over the savannah (forest) patches. Emitted reactants are transported to the savannah patches and then upward, while entrained air is transported to the forest patches and then downward [Ouwersloot et al., 2011] . As a result, over the forest, the subcloud layer specific humidity and mixing ratios are more characterized by their values in the (entrained) free tropospheric air than over the savannah. Therefore, q and the mixing ratios of, e.g., INERT, BLS, NO x , and C 5 H 8 in the subcloud layer are all relatively high over savannah and low over forest (not shown). As the SCu clouds are formed at the top of thermals, they are now solely located over the savannah patches. This suggests that compared to the homogeneous SC numerical experiment, the properties of the air that escapes the subcloud layer deviate more from the properties of both the entrained air and the average subcloud layer air, resulting in constants with larger magnitudes in equations (8), (11), (12), and (13).
[48] It should be noted that over the savannah patches, the coverage and area fractions of clouds and cloud cores are enhanced such that, over the entire domain, their magnitudes are similar to the SC numerical experiment. However, their evolution is shifted forward by approximately half an hour. As a result, the mass flux is advanced by half an hour as well. Due to the stronger positive wind velocities over the savannah patches, related to the induced mesoscale circulations , w in the cloud core becomes higher (maximum difference is a 56% increase). As a result, the mass flux is enhanced as well, although the order remains similar.
[49] Compared to the SC numerical experiment, the mixed layer height never differs more than 118 m (7%) and its final value differs less than 10 m. As a result, the convective velocity scale, w , deviates only insignificantly (maximum 2%) compared to the SC numerical experiment, too. We find that the linear relation of equation (7) is still valid, however, related to the increased w cc , = 0.91 (with d = 0.93), which is significantly different from 0.84. Additionally, we find that for the HS data, in order to accurately predict q cc -< q >, in equation (8) (11), 2 becomes 1.06 instead of 1.01. These results underscore that, even though q cc and w cc can still be parametrized using the previously applied linear functions, the proportionality factors in these expressions depend on the boundary conditions of the evaluated ABL. The constants for the SC and HS numerical experiments are listed in Table 3 . Future studies are recommended to address how the constants , , and 2 depend on the initial and boundary conditions.
[50] Here we evaluate the vertical transport of atmospheric reactants. Figure 11 shows the dependencies of equation (13) for INERT, BLS, isoprene, and CO in the HS numerical experiment, using an updated value for 2 . The data points match the regression line well, indicating that the aforementioned equations still adequately represent the mixing ratios in the active clouds if the constant 2 is adapted. (12)) and 2 = -1.42 instead of -1.23. As was the case for specific humidity, the mixing ratios in the cloud cores can thus be predicted using the previously applied linear relations if the change in slopes for equations (12) and (13) are taken into account.
[51] Similar to Figure 8 , the vertical transport of INERT, BLS, isoprene, and ozone is depicted in Figure 12 for the HS numerical experiment. The parametrized mass flux is calculated using the updated equation (12) with 2 = -1.42. The organized mass flux transport is still the dominant contribution to the total vertical transport in the cloud cores for all tracers. For INERT, BLS, and isoprene, this transport is a satisfactory match to the total vertical flux in the cloud layer. For ozone, on the other hand, the total vertical flux significantly deviates from the transport in the cloud cores. This could be caused by transport in the cloud shells, as hypothesized by Heus and Jonker [2008] and . In the cloud shells, on average the air descends. As the shells are positioned between the cloud cores and the environment and partly return air downward after it was transported upward in the cores, they are most likely to reduce the effect of the cloud core transport. For the heterogeneous case, the clouds are concentrated over the savannah patches. Since the clouds, and the thermals they are rooted into, are concentrated over a smaller domain, the clouds become more active. These clouds grow deeper (reaching a maximum horizontally averaged thickness of 1900 m instead of 1400 m) and the transport by cloud shells increases. As mentioned in section 2.1.1, to evaluate why O 3 is affected more than the other chemical species, an analysis could be performed in which the transport is partitioned in advective and turbulent fluxes in three areas: cloud core, cloud shell, and environment. However, as this section only aims at checking whether the concept of mass flux transport and its parametrizations hold for all conditions, this is beyond the scope of this study. Finally, the predicted vertical transport, using equations (3) and (13) with 2 = -1.42, agrees well with the actual transport by SCu convection.
[52] Although our analysis is not a comprehensive sensitivity study, it is clearly demonstrated that, even though the factors in the parametrizations were approximately equal between the SC numerical experiment presented in this study and the three numerical experiments presented by B. J. H. van Stratum et al. (submitted manuscript, 2013) , changing the applied boundary conditions can result in changes in the parameters of the expressions that predict the mass flux and the resulting transport of humidity and atmospheric reactants. Thus, it is demonstrated that heterogeneous surface forcings can affect the prognostic expressions and future research will have to show in more detail which initial and boundary conditions affect the parametrizations and how the proportionality factors ( , , 2 , , 2 ) in the various equations (equations (7), (8), (11), (12) and (13)) are affected by these conditions. The altered constants that are presented in this section are therefore not typical for every situation with heterogeneous surface conditions, but demonstrate the need to be cautious in applying the standard parametrization equations with factors that are derived for particular 13, 057 conditions. Note that even though the constants in the predictive expressions are affected by surface heterogeneity, the magnitude is still the same and the dependencies are still well represented by linear functions. Therefore, if a numerical model does not explicitly resolve transport by SCu convection, applying the parametrizations with the constants of the SC numerical experiment is still an improvement compared to not applying the parametrizations at all.
Conclusions
[53] We studied how mass flux transport by shallow cumulus convection, which is driven by fair weather clouds that form over the Amazon region, affects subcloud layer atmospheric reactants by analyzing large eddy simulation data. These Amazonian conditions are based on observations in the TROFFEE campaign. For the analysis of the numerical data, two different expressions for the budget of the mixing ratio evolutions in the diurnal atmospheric boundary layer are derived using mixed layer theory. These expressions are equivalent, though correspond to different physical interpretations. Between these two budget expressions, it is found that in the expression relevant for chemistry transport models (the pumping budget) the mass flux transport contributes more significantly to reactant mixing ratio evolutions. This influence on the subcloud layer reactant mixing ratios is for most chemical species relatively small, being of the order of a few percent per hour. However, for some reactants, the contribution of the mass flux transport to the mixing ratio evolution is more significant. For example, during shallow cumulus convection, isoprene decreases on average by 8.5% per hour and at maximum (when the shallow cumulus clouds are fully developed) by 15% per hour due to the mass flux transport. As the influence of mass flux transport is significant for some atmospheric reactants, it is recommended that this subgrid process is taken into account in chemistry transport and climate models.
[54] To represent this transport in these models, we first evaluated the parametrizations for the dynamical variables (vertical wind and specific humidity) that were previously derived for three independent numerical LES experiments. The results corroborate that the proposed linear expressions for the parametrizations and their constants are valid over a wide range of conditions. Additionally, our LES data indicate that the specific humidity in the cloud cores is better predicted by the total (volumetric) standard deviation of moisture in the subcloud layer than by the horizontal standard deviation near the top of this layer. It is therefore recommended to investigate in future studies whether this is also the case for other conditions with active shallow cumulus convection. Second, the representations for the cloud core values were investigated. Assuming linear dependencies, we determined to which variables these representations scale best and with which proportionality factors. The derived linear expressions to predict the mixing ratios in the cloud cores compare well with LES data for many reactants, but not for all. The latter is especially the case for reactants whose concentrations are highly dependent on the local and instantaneous UV radiation. Due to the modification of the UV radiation distribution by the clouds, the chemical equilibrium between some species, such as NO and NO 2 , is perturbed. It is demonstrated by an additional LES experiment that if UV radiation modification by clouds is not applied, also, these reactants comply with the standard linear expressions. Since these UV dependent reactants are restored to their original equilibria in the regions where the UV radiation is not modified by the clouds, the standard parametrizations adequately represent the transport of reactants from the subcloud layer to the cloud layer by shallow cumulus convection.
[55] It is shown that in general, in the cloud layer, the vertical transport of atmospheric reactants is governed by organized shallow cumulus convection. In turn, this mass flux transport is accurately predicted by the derived expressions. However, there are a few, but relevant exceptions, particularly NO and NO 2 . By analyzing the mass flux transport of the generic species NO x , it is shown that this is caused by departures from the chemical equilibrium that are linked to local concentrations of other atmospheric compounds, such as ozone. For NO x , the mass flux transport matches the total vertical flux very well and the parametrizations agree satisfactorily with the LES model. As the NO/NO 2 partitioning is locally determined, predicting the NO x transport accurately, suffices for numerical models that aim to represent NO and NO 2 .
[56] Finally, the robustness of the parametrizations has been explored. For conditions with heterogeneous surface forcings, it is shown that, while the prognostic expressions still have the same linear dependencies as previously determined, the proportionality factors in all expressions have to be enhanced to make them agree with the LES experiment over heterogeneous terrain. This shows that the derived parametrizations for the mass flux and corresponding transport of subcloud layer reactants are dependent on boundary conditions, including heterogeneous surface forcings. Further research is needed to investigate on which other conditions they depend and how these dependencies can be explicitly incorporated in the parametrizations. It should also be noted that the diagnosed constants in the various predictive expressions remain of similar magnitude for the different evaluated conditions. Therefore, until the sensitivities to the different boundary and initial conditions are identified, chemistry transport and climate models would already benefit from applying the diagnosed expressions.
